Nitric oxide (NO) increase at fertilization in sea urchin eggs upregulates fertilization envelope hardening  by Mohri, Tatsuma et al.
Developmental Biology 322 (2008) 251–262
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyNitric oxide (NO) increase at fertilization in sea urchin eggs upregulates fertilization
envelope hardening
Tatsuma Mohri a,⁎, Masahiro Sokabe a,b,c, Keiichiro Kyozuka d
a Division of Intracellular Metabolism, Department of Molecular Physiology, National Institute for Physiological Sciences, Okazaki, 444-8585 Japan
b Department of Physiology, Graduate School of Medicine, Nagoya University, Nagoya, 466-8550 Japan
c ICORP/SORST, Cell Mechanosensing, Japan Science and Technology Agency, Nagoya 466-8550 Japan
d Research Center for Marine Biology, Asamushi, Graduate School of Life Science, Tohoku University, Asamushi Aomori, 039-3501 Japan⁎ Corresponding author. Fax: +81 564 52 7913.
E-mail address: tsmohri@nips.ac.jp (T. Mohri).
0012-1606/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.ydbio.2008.07.023a b s t r a c ta r t i c l e i n f oArticle history: Previous studies indicate t
Received for publication 23 December 2007
Revised 8 July 2008
Accepted 11 July 2008
Available online 29 July 2008
Keywords:
Nitric oxide (NO)
Ca2+
Reduced nicotinamide adenine dinucleotide
phosphate (NAD(P)H)
Diaminoﬂuorescein-FM (DAF-FM)
2-phenyl-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (PTIO)
O2 consumption
Fertilization envelope (FE)
Cyclic adenosine diphosphate ribose (cADPR)
Inositol 1,4,5-trisphosphate (InsP3)
Diphenyleneiodonium (DPI)hat the nitric oxide (NO) increase at fertilization in sea urchin eggs is Ca2+-
dependent and attributed to the late Ca2+ rise. However, its role in fertilization still remains unclear.
Simultaneous measurements of the activation current, by a single electrode voltage clamp, and NO, using the
NO indicator DAF-FM, showed that the NO increase occurred at the time of peak current (tp) which
corresponds to peak [Ca2+]i, suggesting that NO is not related to any other ionic changes besides [Ca2+]i. We
measured O2 consumption by a polarographic method to examine whether NO regulated a respiratory burst
for protection as reported in other biological systems. Our results suggested NO increased O2 consumption.
The ﬂuorescence of reduced pyridine nucleotides, NAD(P)H was measured in controls and when the NO
increase was eliminated by PTIO, a NO scavenger. Surprisingly, PTIO decreased the rate of the ﬂuorescence
change and the late phase of increase in NAD(P)H was eliminated. PTIO also suppressed the production of
H2O2 and caused weak and high fertilization envelope (FE). Our results suggest that NO increase upregulates
NAD(P)H and H2O2 production and consolidates FE hardening by H2O2.
© 2008 Elsevier Inc. All rights reserved.IntroductionSigniﬁcant roles of nitric oxide (NO) are broadly recognized in
various biological systems including the aspects of reproduction
(Thaler and Epel, 2003; Valko et al., 2007). In 1996 a NO increase in sea
urchin eggs at fertilization was proposed by Sethi et al. (1996) and
Willmott et al. (1996).
Although sea urchin eggs exhibit a large NO increase during
fertilization, its role at fertilization still remains unelucidated. It has
been reported that NO from sperm as the primary activator mobilized
Ca2+into the egg cytoplasm and thus activated the sea urchin egg (Kuo
et al., 2000). Soon after, other investigators reported a NO increase
occurred late during fertilization not before the rise in intracellular
concentration of Ca2+([Ca2+]i) rise (Leckie et al., 2003). They concluded
that NO production was dependent on the [Ca2+]i increase at
fertilization and its role is to initiate the late rise of [Ca2+]i by the
cyclic ADP ribose (cADPR)-regulated ryanodine receptor pathway.
However, there is a contradictory report that states that the increase inl rights reserved.cyclic GMP (cGMP) and cADPR is earlier than that in inositol 1,4,5-
trisphosphate (InsP3) which is believed to be main second messenger
leading to [Ca2+]i increase at fertilization (Kuroda et al., 2001).
Furthermore, involvement of the NO increase in fertilization in eggs
of ascidians and mice was negative although both species reveal a
presence of NO generation (Hyslop et al., 2001). Therefore, in the
current study we investigated whether there was any other function
of NO increase at fertilization in sea urchin eggs besides the above-
mentioned role. We attempted to ﬁnd the consequences of NO
increase at fertilization using eggs of Japanese sea urchin, Hemicen-
trotus pulcherrimus by inhibiting the NO increase.
For an analysis of the early events of fertilization, the relationship
of the activation current (AC) related to [Ca2+]i was well examined
(Mohri et al., 1995, 1998). In earlier studies, AC under voltage clamp
(the counterpart of the activation potential) was analyzed in detail in
the sea urchin Lytechinus variegatus egg (Lynn et al., 1988). Thus, the
AC comprises three phases: phase 1, an abrupt onset (Ion) and slow
increase of inward current to the maximum shoulder (Ism); phase 2, a
more rapid increase to themajor peak (Ip); and phase 3, a rapid decline
followed by a much slower decline. During phase 2, the fertilization
envelope (FE) is elevated in a wave starting from the site of sperm
attachment and spreading in the egg surface toward the antipode
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granules (Epel, 1978). These relationships between AC and [Ca2+]i
including the fact that [Ca2+]i increase starts just after Ism and attains
the peak of [Ca2+]i corresponding to Ip were conﬁrmed in eggs of H.
pulcherrimus (Mohri et al., 1998). Since the voltage clamp technique
can describe changes in intracellular and extracellular ions during
fertilization, wemade simultaneous measurements of AC and changes
in NO using a ﬂuorescence dye, diaminoﬂuorescein-FM (DAF-FM) in
order to examine the relationship between AC and NO increase.
Alternatively, to look for a function of NO increase, we used a NO
scavenger, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(PTIO) to eliminate NO increase. PTIO is broadly used as a NO
scavenger (Akaike et al., 1993; Yoshida et al., 1994; Goldstein et al.,
2003). NO increase has been reported to reduce the generation of
biologically toxic reactive oxygen species (ROS) in neuronal cells
(Bolanos et al., 2004). We tried to measure O2 consumption using a
polarographic method to examine that NO increase might regulate O2
consumption at fertilization to protect eggs by reducing generation of
ROS. We also explored other feature of NO increase by monitoring
reduced pyridine nucleotides, NAD(P)H including both NADH and
NADPH (Shapiro, 1991). Increase of NAD(P)H during fertilization has
been reported by previous investigators in terms of DNA synthesis,
hardening of fertilization envelope (FE), and changes in pH (Whitaker
and Steinhardt, 1981; Shapiro, 1991; Schomer Miller and Epel, 1999).
We measured the spatiotemporal changes in NAD(P)H at fertilization
in detail and examined the effect of NO increase on the changes in
NAD(P)H at fertilization. NADPH oxidase is activated by [Ca2+]i
increase during fertilization and generates H2O2 using NADPH as a
substrate (Shapiro, 1991; Wong et al., 2004).
Signiﬁcant roles of NAD(P)H increase and H2O2 production are
believed to be FE hardening by cross-linking by ovoperoxidase that
consumes H2O2 induced by NADPH oxidase. We measured H2O2
production and peroxidase activity using an Amplex Red reagent by
detecting changes in resoruﬁn ﬂuorescence with or without NO
increase. We also examined whether FE hardening was affected or not
when NO increase was inhibited. The results demonstrated FE
hardening was inhibited by eliminating NO increase. Taken all
together, the present study suggests a novel role of NO increase at
fertilization in sea urchin eggs is involved in FE hardening.
Materials and methods
Gametes
Sea urchins H. pulcherrimus were collected from the coast near
AsamushiMarine Biological Station located in theMutsu Bay andwere
kept in a tank containing commercial available sea water (CASW)
(Marine Art, Tomita Pharmaceutical Co Ltd, Naruto, Japan) before use.
Eggs were obtained by injecting 0.1–0.2 ml of 1 mM acetylcholine into
the coelomic cavity and kept at 15 °C before use. Whole testes
removed frommales were kept dry at 4 °C before use. Eggs were used
within 10 h after shedding, only when over 90% of the eggs elevated
simultaneously the symmetrical FE and cleaved normally through the
4-cell stage. Immediately before use, the jelly coats of eggs were
mechanically removed by gently inverting the egg suspension 20
times in a centrifuge tube, centrifuging 10 s at 1000 rpm, taking out
supernatant, repeating the operation 3 times using CASW and then
eggs were resuspended in ﬁltrated natural sea water (NSW) buffered
with 10 mM tris(hydroxymethyl)-ethylaminopropane sulfonic acid
(TAPS), and adjusted to pH 8.3 with NaOH (see McCulloh, 1989; Mohri
et al., 1995). The NSWused was collected from surface water of a coast
just outside Asamushi Marine Biological Station. Most experiments
were carried out at 18–20 °C using NSW and some were conducted
using artiﬁcial sea water containing 454 mM NaCl, 9.7 mM KCl,
9.6 mM CaCl2, 28.9 mMMgSO4, 26.7 mMMgCl2, and 2.5 mM NaHCO3,
buffered with 10 mM TAPS.Membrane current recording
Membrane current (Im) was recorded by a single switched
microelectrode voltage clamp system (CEZ-3100; Nihon Kohden,
Tokyo, Japan) on a personal computer through a high-speed data
acquisition recorder (NR-2000; Keyence Corp, Osaka, Japan). Acquired
datawere expressed as a real-time graph on a computermonitor using
a wave processing software (Wave Shot! 2000; Keyence Corp., Osaka
Japan). An egg was impaled with a glass microelectrode that was ﬁlled
with 0.55M KCl and had resistance of 23–35MΩ. Membrane potential
(Vm) was clamped at −20 mV. Vm before and after voltage clamp was
checked by the current clamp mode. Details of the technique and
procedure of voltage clamp have been described previously (Mohri
et al., 1995).
Measurement of NO production
NO production was measured by DAF-FM diacetate (DAF-FM DA)
(Daiichi Pure Chem. Co. Ltd., Tokyo Japan) using a confocal laser-
scanning microscope (CLSM) (RCM 8000; Nikon, Tokyo, Japan)
attached to an inverted microscope (TMD-300; Nikon, Tokyo, Japan)
and a high-speed ﬂuorescence imaging system (HSFIS) (AquaCosmos/
Ratio, Hamamatsu Photonics, Hamamatsu, Japan) attached to another
inverted microscope (TE-300, Nikon, Tokyo, Japan). Eggs were soaked
for 20–40min in 50 μMDAF-FMDA dissolved in ASW. A 488 nm argon
laser was used for excitation. Signals emitted over 510 nm were
collected through a dichroic beam splitter at 510 nm and led to an
image processor (MAX VIDEO). Images of eggs were acquired in a
different interval, such as 1, 3, 5, and 10 s and each imagewas made by
accumulating 16 frames to improve signal to noise ratio. Images were
stored on an optical memory disc recorder (TQ-3800F; Panasonic Co.,
Tokyo, Japan). Processing was performed with custom macros on NIH
Image (a public domain image processing software for the Macintosh
computer). Changes in ﬂuorescence were expressed on a graph in
terms of ratio values, R(F/F0), where F is a background-subtracted
ﬂuorescent image of egg during fertilization and F0 a background-
subtracted ﬂuorescent image just before insemination. Therefore, the
initial value of R is 1. The fractional increase is R-1.
In the HSFIS, an excitation light at 490 nm obtained with a grating
monochrometer (POLYCHROME-2, T.I.L.L Photonics, Martinsried,
Germany), a dichroic beam splitter at 505 nm, and an emission ﬁlter
at 520–540 nmwere used for a measurement of DAF-FM ﬂuorescence.
Fluorescence images of eggs loadedwith DAF-FMwere acquired every
2 and 5 s using a cooled CCD camera (C6790, Hamamatsu Photonics,
Hamamatsu, Japan). As a control we measured ﬂuorescence changes
in DAF-FM in unfertilized eggs. There were very small increases in
ﬂuorescence whose values of R-1 were 0.03 in 75 min in CLSM and
0.08 in 30 min in HSFIS, respectively. We also tested whether PTIO
affects the intracellular pH in eggs using BCECF dextran (70 KD)
(Molecular Probe, Invitrogen, Eugene, USA). Excitation lights at 490
and 440 nm, 590 nm emission ﬁlter and 505 nm dichroic beam splitter
were used.
One-tenthmMof PTIO showed a tendency of very slight increase of
up to 0.04 pH unit during a 10 min treatment. However, this value of
change was much smaller than a half of standard deviation, 0.2 pH
units, of basal pH levels in control. There was no signiﬁcant difference
in basal level between control and eggs treated with 0.1 mM PTIO. We
also conﬁrmed pH increase after fertilization was almost same as that
in control. Therefore we concluded that PTIO had almost no effect on
intracellular pH.
Autoﬂuorescence imaging
Autoﬂuorescence from the pyridinenucleotides NADH and NADPH
in their reduced form was detected by the HSFIS with excitation light
at 350 nm, a dichroic beam splitter at 400 nm, and a longpass ﬁlter
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above. Changes in ﬂuorescence were expressed by ratio R(F/F0) as
mentioned above. Eggswere pretreatedwith PTIO, NaCN, and FCCP for
10 min. In the presence of PTIO, NaCN, FCCP, inseminationwas carried
out by the gentle addition of sperm suspension after 10 min
pretreatment of each agent.
Bright-ﬁeld images
Bright-ﬁeld images of morphological changes in a fertilizing egg
were simultaneously obtained by an infrared light (IR) camera (VC
820L, Tokyo Electronic Industry Co., Tokyo, Japan) without inter-
ference to ﬂuorescence images of CLSM, using infrared (IR) light
through dichroic beam splitter at 650 nm and bandpass ﬁlter (735–
770 nm). Changes in Im and Vm in a graph on the computer monitor
were obtained by a CCD camera (CCD-PC1, Sony Corp, Tokyo, Japan).
Both images of IR and the CCD cameras were mixed into uniﬁed
images by a multi viewer (MV-10D, FOR-A Co Ltd, Tokyo, Japan). The
uniﬁed images were recorded on a DVD recorder (RDR-HX10, Sony
Corp, Tokyo, Japan). In the HSFIS, bright-ﬁeld images of eggs were also
simultaneously monitored to check their morphological changes
before and after fertilization using red light, a long pass ﬁlter
(N610 nm), a dichroic beam splitter, and a CCD camera (C2400-77,
Hamamatsu Photonics, Hamamatsu, Japan) and recorded on a video
tape recorder (HR-VX11, Victor, Yokohama, Japan).
Experimental procedure on the microscopes
An experimental chamber was made from a 35×10 mm plastic
culture dish lid (Falcon #1008, Becton Dickinson, Lincoln, NJ, USA). A
hole, 20 mm in diameter, was made in the bottom of the dish and
covered by a circular coverglass (24 mm in diameter) using dental
wax. The coverglass was coated with 0.005% poly-L-lysine to facilitate
adhesion of eggs. The chamber was mounted on the stage of the
inverted microscope. About 50–100 de-jellied eggs were pipetted into
the chamber ﬁlled with 4 to 5 ml ASW.
For electrophysiology, the dye-loaded egg was impaled by a
microelectrode and voltage-clamped at −20 mV. Insemination was
carried out by gently pipetting 80 μl of diluted suspension of sperm
(1–2 μl of dry sperm/30 ml ASW) into the bath ∼1 cm away from the
experimental egg after starting simultaneous measurements of CLSM
images and bright-ﬁeld images as well as membrane current started.
In the HSFIS, insemination was carried out by the gentle pipetting.
Although the intensity of light is changed by FE elevation, the change
is much smaller than that by NO increase itself and the effect of FE
elevation is always constant as long as the focus is not changed.
Furthermore, in separate experiments, we detected the same proﬁle in
NO increase in a different chamber in which eggs was sandwiched
with two coverglass. In this chamber there is no displacement of egg
equator. Therefore, the focal plane of the ﬂuorescence image of CLSM
or HSFIS was never changed during experiment for 10–20 min
recording. Elevation of the FE and other morphological changes were
monitored by bright-ﬁeld images. After the experiment, the egg's
development was observed at least up to 2-cell stage. Occasionally
development was observed until higher stage or hatching stage.
Measurement of O2 consumption
O2 consumption was measured using a dissolved oxygen meter
(DOmeter OM-51, Horiba. Tokyo, Japan). Sixteen ml of egg suspension
in NSW were stirred at the speed of 95 rpm in a 20 ml beaker. Egg
suspension normally containing 30,000–50,000 eggs/ml was used.
The oxygen electrode was immersed in the solution and dissolved
oxygen (DO) was detected. After insemination, the concentration of
DO in every one min was recorded. O2 consumption was obtained
from changes in DO. We conﬁrmed the concentration of DO had notbeen changed for 20 min without insemination and after when only
sperm were added into 16 ml of NSW although the surface of the
seawater is exposed to air.
Measurement of H2O2 production
H2O2 production was detected ﬂuorescence changes in resoruﬁn
using a 10-acetyl-3,7-dihydroxyphenoxazine (Amplex Red) Hydrogen
Peroxide/Peroxidase Assay kit (Molecular Probe, Invitrogen, Eugene,
OR, USA). Eggs were settled down in working solution that contains
Amplex Red reagent and horseradish peroxidase. We used two
different concentrations of working solutions. One working solution
contained 50 μM Amplex Red reagent and 0.1 U/ml horseradish
peroxidase (HRP) according to the experimental protocol of Molecular
Probes for detecting the release of H2O2 from cells. Another was one
fourth of the above-mentioned concentration of each substance to
reduce a ﬂuorescence increase of background level due to H2O2
release from eggs. Region of interest (ROI) was taken in a circle within
an egg to measure. Fluorescence intensity of ROI was measured with
the HSFIS using excitation at 530 nm, a dichroic beam splitter at
580 nm, and emission at ×600 nm. Changes in ﬂuorescence were
expressed by ratio R(F/F0) as above mentioned. As a control for free
radicals, whichmay be released by excitation of aqueous solutions, we
looked for ﬂuorescence changes in Amplex Red during at least 2 min
before insemination. There were no signiﬁcant changes (see Fig. 8).
Measurement of H2O2 production in a single egg
A mold that has more than 2 ml cylindrical space whose diameter
and height are 26 mm and 4 mm, respectively, formed by
polydimethylsiloxane was set in the chamber, which is made, by a
35×10mmplastic culture dish lid and coverglass as above-mentioned.
Two ml of NSW or 0.1 mM PTIO NSW, both of which was containing
12.5 μM Amplex Red and 25 mU/ml HRP or 0.1 mM PTIO was used to
detect H2O2. A single egg was settled down on the bottom of the
chamber in 2 ml solution using a breaking pipette. Twenty microliters
of sperm suspension was added for insemination to minimize the
ﬂuorescence reduction by diluting the agents. Region of interest (ROI)
was taken as a circle in a diameter almost 2 times as that of an egg. To
obtain the “relative” concentration of H2O2 , various known H2O2
solutions were dissolved in NSW and measured in both NSW and
0.1 mM PTIO NSW in the same chamber using Amplex Red. Two
standard calibration curves were obtained. We could not obtain the
absolute concentration because we detected ﬂuorescence intensity
due to H2O2 in only two-dimensional area taken as a ROI under the
microscope. Therefore we refer to the “relative” concentration. The
relative concentration was calculated based on the calibration curve.
For some experiments, NADPH was microinjected to a ﬁnal concen-
tration of 0.1–5 μM into each egg 10 min after pretreatment with
0.1 mM PTIO NSW containing the same amount of Amplex Red and
HRP as above mentioned.
Measurement of peroxidase activity
To detect resoruﬁn ﬂuorescence, a ﬂuorescent microplate reader
(Molecular Devices Corp, Sunnyvale CA, USA) was used. According to
Molecular Probe protocol, 50 μM Amplex Red and 1 mM H2O2 were
used to measure peroxidase activity. Fifty μU/ml HRP and 10–15 eggs
in NSW or 0.1 mM PTIO NSW were measured. A ﬁlter set of 544 nm
excitation and 590 nm emission were used.
Inhibition of hardening of fertilization envelope
The inhibiting effect of PTIO on hardening of fertilization envelope
(FE) was examined using dithiothreitol (DTT). The procedure was
according to the method by Foerder and Shapiro (1977). We slightly
Fig. 1. (A) Simultaneous measurements of NO change (upper) and the corresponding activation current (lower). Arrowheads indicated with numbers represent arbitrary time points
corresponding to numbers in panel B. (B) Changes in ratio (F/F0) images of DAF-FM ﬂuorescence obtained by CLSM. The rightmost column indicated with ⁎ in panel B exhibits the
image at 391 s after Ion. The size of the egg in the column appeared to be smaller than that in others because the egg rounded up and moved down slightly from the original position
after it was activated and its FE elevated. The red arrowhead indicates FE whose ﬂuorescence increased. The vertical white bar indicates 50 μm.
Table 1
Comparison between the time at NO rise and the peak time (tp) of the activation current
The time when NO starts to increase (s) 56.2±2.0 (6)
tp (s) 53.5±1.6 (6) Pb0.8
The time 0 was determined by Ion.
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prepared in a centrifuge tube. After insemination, eggs were gently
stirred every 2 min for 10 min. Fifty mM DTT (ﬁnal) was added to the
suspension and then the eggs were vortexed at high speed for 10 s
Eggs were observed by a dissecting microscope and their photos were
taken. Numbers of eggs surrounded by FE were counted.
Microinjection
Micropipettes were fashioned from Clark borosilicate glass
capillaries 1 mm o.d×0.78 mm i.d (GC100T-10, Inter Medical Co Ltd,
Nagoya, Japan). Microinjection and quantitation of ﬂuid microinjected
into the egg was according to the method of Hiramoto (1974). Ten mM
S-nitrosoacetylpenicillamine (SNAP) was microinjected into eggs with
0.2–1.5% of egg volume.
Statistical analysis
The data were expressed as mean±S.E.M. The signiﬁcance of
difference between means is analyzed using Student's t-test (two-
sample assuming equal variance, statistical analysis tool of Microsoft
Excel 2003), where P values (two-tailed) less than 0.05 were
considered as signiﬁcant and marked with ⁎.
Results
Simultaneous measurements of activation current and NO increase
during fertilization
To investigate whether the NO increase is related to any
intracellular or extracellular ionic changes during fertilization, we
simultaneously measured AC and NO increase using a single switch
voltage clamp method (Wilson and Goldner, 1975; Mohri et al., 1995)
and DAF-FM ﬂuorescence imaging technique. Fig. 1 shows an
example of the simultaneous measurements. There was no detect-able ﬂuorescence change during phase 1 (the initial onset current to
a shoulder) including a moment of cortical ﬂash. In phase 2 (the
shoulder to a peak amplitude of current) however, only 2 out of 6
eggs showed decreasing changes in DAF-FM corresponding to the
increase of the AC possibly because of artifactual changes in
ﬂuorescence intensity by egg contraction. Shown in Fig. 1A is one
of these cases. The ﬂuorescence signal in the egg uniformly increased
just after Ip in every examined case (see Fig. 1, Table 1). Average rising
time of NO was 56.2±2.0 s (n=6) after Ion, whereas the peak time (tp)
of AC was 53.5±1.6 s (n=6). The values were almost same and there
was no statistically signiﬁcant difference (Pb0.8). This demonstrates
that NO increase occurs after [Ca2+]i reached a peak because tp
corresponds to the peak of [Ca2+]i rise as previously reported (Mohri
et al., 1995, 1998). The results were consistent with that in eggs of L.
picutus reported by Leckie et al. (2003).
After FE elevated, a ﬂuorescence signal of DAF-FM in FE gradually
increased in all eggs examined (see Fig. 1B and column 4 and 5 in
Fig 2B). This indicates that NO was generated within the egg during
fertilization and reacted with DAF-FM and ﬁnally its reactant was
accumulated in FE after FE elevation. Fluorescence changes in NO
accumulation occurred in the cortex and gradually spread over the
entire egg and out of the egg afterward as shown in Figs. 1B (confocal)
and 2B-a (conventional). In the conventional images it was difﬁcult to
detect a wave front or the border between low and high concentrated
area. The edge of FE showed brighter signal afterwards (see red
arrowhead in the rightmost column in Fig. 1B and column 3–5 in Fig.
2B-a). This suggests that some DAF-FMmay leak out of the egg and the
Fig. 2. Suppression of NO rise by PTIO, DPI and CN−. (A) The ﬁgure shows changes in NO rise in 5 independent experiments (control, eggs in the presence of 0.1 mM and 0.03mM PTIO,
and eggs exposed to 10 μM DPI and 2 mM CN−) before and after fertilization. Each line exhibits changes in NO rise averaged by the number of eggs indicated in parenthesis in the
labels. Arrow indicates the time of insemination. Arrowheads indicatedwith numbers represent arbitrary time points corresponding to numbers in panel B. (B) Corresponding images
of DAF-FM at time points indicated by the arrowheads in panel A (a for control, b for eggs in the presence of 0.1 mM PTIO). Images were obtained by HSFIS system. Compared to
images of Fig. 1B, ﬂuorescence intensity was much augmented because a conventional imaging system of HSFIS obtained more ﬂuorescence than a confocal system of CLSM, which
picked up only ﬂuorescence from the confocal plane. In addition, changes in ﬂuorescence of DAF-FM are cumulative unlike a Ca2+ sensitive dye such as Fura-2 since the reaction of
DAF-FM with NO was mostly irreversible. The white bar indicates 100 μm. Note; ﬂuorescence of FE increased as shown in images 3–5 in panel B-a.
255T. Mohri et al. / Developmental Biology 322 (2008) 251–262dye may be incorporated into perivitelline space. The dye probably
moves out after cortical granule exocytosis since we observed cortical
granules in unfertilized eggs were stained with the dye.
Inhibition of NO increase
To ascertain a role of NO increase during fertilization, we tried to
eliminate generation of NO. Treatment with NO synthase inhibitors,
such as 0.5 mM NG-nitro-L-arginine (L-NNA), 6 mM NG-monomethyl-
L-arginine (L-NMMA), and 0.5 mM NG-nitro-L-arginine methyl ester
hydrochroride (L-NAME) slightly reduced NO increase compared to
control (data not shown). Higher concentrations of the above-
mentioned inhibitors unexpectedly increased DAF-FM signal. How-
ever, we found a NO scavenger, PTIO had a signiﬁcant inhibitory effect
on NO increase signal as shown in Fig. 2A. Eggs loaded with DAF-FM
were suspended in NSW containing a certain amount of PTIO. We
conﬁrmed PTIO was reversible because eggs that were fertilized after
exposure to PTIO followed by 10-minute washout showed increased
levels of NO similar to those without PTIO exposure. PTIO at the
concentration of 0.1 mM almost completely suppressed NO increase
during fertilization. PTIO at the concentration of 0.03 mM, lower than
0.1 mM showed a slight increase of NO (see Fig. 2A). Thereafter, we
determined to use 0.1 mM PTIO to inhibit NO increase. As shown in
Fig. 2B, a signal of DAF-FM sometimes increased up to around 3.0
because unlike Ca2+ sensitive dye, the ﬂuorescence of DAF-FM is
accumulative after the dye reacts with NO. Althoughmorphology of FE
elevation appeared normal compared to control in bright-ﬁeld
images, no accumulation of DAF-FM ﬂuorescence was observed in
eggs in 0.1 mM PTIO (see column 4 and 5 of b in Fig. 2B). After
fertilization, eggs in 0.1 mM PTIO developed normally through 2-cell
and 4-cell, and up to blastula until hatching but those embryos tended
to die afterwards. When PTIO was washed out 1 h after insemination,
embryos normally developed as control.Additionally, we also examined the effect of other agents on NO
increase. We found that both 10 μM diphenyleneiodonium (DPI), a
known inhibitor of both endothelial nitric oxide synthase (eNOS) and
NADPH oxidase, and 2 mM CN− suppressed NO increase whose
proﬁles were very similar to PTIO although eggs in both cases showed
high FE (see Fig. 2).
Effect of NO increase on O2 consumption
To examine whether NO increase regulates oxidative burst or O2
consumption at fertilization to protect eggs from generation of toxic
ROS, we measured changes in O2 consumption during fertilization
using a DOmeter when NO increasewas inhibited. Fig. 3 shows results
of two experiments from different animals and the corresponding
controls using a same batch of eggs. The rate of O2 consumption
started to increase at 1 min and reached the peak at 3–4 min. The
results were comparablewith those as previously reported (Foerder et
al., 1978). Mean values of the rate of O2 consumption at 3 min after
insemination for control and eggs exposed to PTIO were 265.3±22.5
and 489.8±73.2 fmol/egg/min, respectively. Although the rate of O2
consumption at 3 min after insemination in eggs exposed to PTIO
appeared to be distinct from that of control as shown in Fig. 3,
statistically, it was not signiﬁcantly different (Pb0.09). However, total
consumed O2 during 20 min after insemination in eggs treated with
PTIO seemed to be inhibited and signiﬁcantly different compared to
control (Pb0.003) (see inset in Fig. 3).
Suppression of NAD(P)H increase during fertilization in the presence
of PTIO
Since NO increase doesn’t seem to regulate a respiratory burst or
O2 consumption, we attempted tomeasure NAD(P)H autoﬂuorescence
of eggs. NAD(P)H has been reported to increase at fertilization in eggs
Fig. 3. O2 consumption after fertilization. O2 consumption before and after insemination was measured by detecting dissolved oxygen. The ﬁgure represents changes in rate of O2
consumption per egg. Egg suspension for control (control-1 and control-2) or for experimental eggs suspension containing 0.1 mM PTIO (PTIO-1 and PTIO-2) are inseminated as
described in Materials and methods. Although the rate of O2 consumption at 2 to 3 min for eggs exposed to PTIO appears to be higher than that for control, there is no statistically
signiﬁcant difference between controls and eggs exposed to PTIO. Inset exhibits total O2 consumption accumulated with time. At 20 min after insemination, total O2 consumption of
control is signiﬁcantly higher than that of eggs exposed to PTIO (Pb0.003).
256 T. Mohri et al. / Developmental Biology 322 (2008) 251–262of sea urchin, ascidian, and mouse after fertilization (Schomer and
Epel, 1998; Schomer Miller and Epel, 1999; Dumollard et al., 2003,
2007). Spatial changes in increase of NAD(P)H in eggs of H.
pulcherrimus homogeneously occurred (see Fig. 4B). The temporalFig. 4. Changes in NAD(P)H after fertilization. (A) The ﬁgure represents changes in autoﬂuo
presence of 0.1 mM PTIO. Closed square plotted for control was averaged by 3 eggs. PTIO-⁎ a
each egg in the presence of 0.1 mM PTIO. Arrowheads indicated with numbers represent a
insemination as 0. Inset illustrates magniﬁcation of a period from -100 s to 300 s shown in pa
was taken from the basal point to the ﬁrst inﬂection point as shown in red and black solid line
the arrowheads in panel A (a; control, b; eggs in the presence of 0.1 mM PTIO). The white bpattern of increase appeared to have two phases. The ﬁrst phase was a
precipitous rising part up to a shoulder. The second was a gradual
rising part from the shoulder to a plateau level. When eggs in the
presence of 0.1 mM PTIO were inseminated, the peak level of NAD(P)Hrescence of NAD(P)H before and after insemination in 3 control eggs and 2 eggs in the
nd PTIO-⁎⁎ indicated by open circle and open square, respectively represent changes in
rbitrary time points corresponding to numbers in panel B. Arrow indicates the time of
nel A. The rate of increase in the ﬁrst phase of NAD(P)H was expressed as a gradient that
s. (B) Corresponding images of autoﬂuorescence of NAD(P)H at time points indicated by
ar indicates 100 μm.
Fig. 5. Changes in NAD(P)H upon SNAP injection. Black thin line represents changes in
NAD(P)H when 100 μM SNAP was microinjected into an egg and later insemination
(indicated by broken line) was carried out. Black circle represents changes in NAD(P)H
of a control egg.
Table 2
Comparison of the rate of increase in theﬁrst phase ofNAD(P)H and delta peak ofNAD(P)H
increase between control and eggs treated with PTIO, DPI, CN−, or FCCP
Type of experiment
(number of eggs)
Rate of increase in the ﬁrst
phase of NAD(P)H (s−1)
Delta peak of NAD(P)H
increase, R-1
Control (6)
0.1 mM PTIO (4)
0.0095±0.0002
0.0064±0.0002⁎ Pb3.2×10−6
0.72±0.02
0.61±0.01⁎ Pb0.001
Control (6)
10 μM DPI (6)
0.0091±0.0005
0.0064±0.0003⁎ Pb0.001
1.07±0.03
0.85±0.04⁎ Pb0.004
Control (5)
2 mM CN− (8)
0.0078±0.0007
0.0048±0.0001⁎ Pb0.01
0.68±0.02
0.43±0.04⁎ Pb0.0003
Control (9)
1 μM FCCP (6)
0.0102±0.0010
N.D.
0.83±0.06
0.20±0.08⁎ Pb3×10−5
Rate of increase in the ﬁrst phase of NAD(P)H was calculated in the manner of the inset
of Fig. 4A. Delta peak was calculated by subtracting a value just before the rising from
the peak value. ⁎ indicates statistically signiﬁcant. N.D.: not determined
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phase or the plateau was clearly suppressed (see two PTIOs in Fig. 4A).
Experiments were always compared to controls within the same
batch of eggs from a female. The peak increased value was calculated,
as (F/F0)-1 and was 0.72±0.02 (6) for control and 0.61±0.01 (4) for
0.1 mM PTIO, respectively Pb0.001. This indicates NO increase during
fertilization is somehow responsible for the second part increase of
NAD(P)H. In addition, the rate of increase in the ﬁrst phase in eggs
exposed to PTIO slowed down compared to control as shown in Fig.
4A (see the inset of Fig. 4A). The rate of increase in the ﬁrst phase was
calculated as a gradient from the basal point to the ﬁrst inﬂection
point, a shoulder as shown in red lines in the inset of Fig. 4A. Mean
gradients (delta R/delta t) of the phase in eggs exposed to PTIO was
0.0064±0.0002 s−1 (4), whereas the mean value of control was
0.0095±0.0002s−1 (6). Thevalueof eggsexposed toPTIOwas signiﬁcantly
smaller than that of control (Pb3.2×10−6). Thus NO appears to accelerate
production of NA(D)PH.
Furthermore, to make sure whether a signal of NO increase is an
upstream of NAD(P)H rise, we microinjected a NO donor, SNAP into
unfertilized eggs. As shown in the inset of (Fig. 5), 100 μM SNAP
increased NAD(P)H and a level of NAD(P)H became constant after-
ward. Four hundred sixty sec after microinjection of SNAP, insemina-Fig. 6. Changes in NAD(P)H before and after fertilization in control egg and eggs in the presen
batch. Arrow indicates a time of insemination as 0. CN−-1 and CN−-2 represent averaged chtion was carried out together with control eggs. The insemination
caused further increase in NAD(P)H and then NAD(P)H decreased,
then increased again. The ﬁnal level of NAD(P)H became higher than
that of control. Signiﬁcant role of NAD(P)H increase has been reported
to activate NADPH oxidase to produce H2O2 leading to FE hardening
(Shapiro, 1991; Schomer Miller and Epel, 1999; Wong et al., 2004).
These results suggest PTIO could affect FE hardening after fertilization.
Effects of CN−, FCCP, and DPI on NAD(P)H increase
We examined effects of CN− and FCCP on NAD(P)H increase. CN−
and FCCP are known as respiratory inhibitors. After insemination, FE
normally elevated in eggs treated with 2 mM NaCN. However, the
peak levels of NAD(P)H were signiﬁcantly decreased compared to
control (see Fig. 6). Mean increased values of NAD(P)H of controls and
eggs treated with CN− were 0.68±0.02 (5) and 0.43±0.04 (8),
respectively, Pb0.0003 (see Table 2). Although the inhibition looked
similar in pattern to that in eggs exposed to PTIO, careful observation
exhibited a part of the ﬁrst phase was also inhibited. The rate of
increase in the ﬁrst phase of NAD(P)H in eggs treated with CN− was
compared to that in control. The value was 0.0048±0.0001 s−1 (5)
whichwas signiﬁcantly smaller than 0.0078±0.0007 s−1 (8) of control,
Pb0.01 (see Table 2). On the other hand, 1–2 μM FCCP showed
suppressive but various responses as shown in Fig. 7. One egg showed
an unusual response that is indicating an initial marked increase and ace of 2 mMNaCN. Both control eggs and eggs treated with CN−were used from the same
anges in each 3 eggs, respectively.
Fig. 7. Changes in NAD(P)H before and after fertilization in control egg and 3 eggs in the presence of 2 μM FCCP. Control egg and eggs treated with FCCP were used from the same
batch. Arrow indicates a time of insemination as 0.
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two eggs showed more suppressive responses in increase than the
ﬁrst egg. One of two eggs showed a suppressive but small marked
increase followed by a gradual decrease. Another showed a gradual
decrease instead of an increase. Therefore the rate of increase in the
ﬁrst phase of NAD(P)Hwas not determined in the samemanner of PTIO
and CN−. All those three showed normal FE elevation. Mean increased
values for controls and eggs treated with FCCPwere 0.83±0.06 (9) and
0.20±0.08 (6), Pb2.7×10−5, respectively (see Table 2). FCCP may
disrupt or inhibit NAD(P)H production because mitochondrial poten-
tial was lost and ATP synthesis was inhibited. Those eggs exposed to
2 mM CN− or 1–2 μM FCCP did not cleave even 4 h after fertilization.
We also examined the effect of DPI on NAD(P)H. Mean increased
values ofNAD(P)Hof controls andeggs treatedwithDPIwere 1.07±0.03
(6) and 0.85±0.04 (6), respectively, Pb0.004 (see Table 2). The
inhibition looked similar in pattern to that in eggs exposed to PTIO. A
part of the ﬁrst phase also looked inhibited. The rate of increase in the
ﬁrst phase of NAD(P)H in eggs treatedwith DPIwas 0.0064±0.0003 s−1
(6) which was signiﬁcantly smaller than 0.0091±0.0005 s−1 (6) ofFig. 8. Detection of H2O2 production. H2O2 production was detected by ﬂuorescence change
Materials and methods. The ﬁgure represents increase in H2O2 in two experiments under
peroxidase were 50 μM and 0.1 U/ml, respectively. In panel B, they were 12.5 μM and 0.025control, Pb0.001 (see Table 2). These results indicate DPI also inhibits
NADPH production as well as NADPH oxidase.
Suppression of H2O2 production by PTIO, DPI, and CN
−
NADPH oxidase is responsible for the respiratory burst and uses
NADPH as a cofactor to reduce O2 to H2O2 (Schomer and Epel, 1998).
Wemeasured H2O2 production using Amplex Red Hydrogen Peroxide/
Peroxidase Assay kit in the absence and presence of PTIO. As shown in
Fig. 8, H2O2 markedly increased around 100 s after insemination. This
demonstrates that H2O2 production begins after [Ca2+]i, NAD(P)H and
NO increase begin. We also measured H2O2 production in a single egg
(see Table 4). Production of H2O2 was detected as a “relative”
concentration described in Materials and methods. Peak value of
H2O2 for control was 0.28±0.04 μM (9), whereas the value for PTIO
was 0.16±0.02 μM (6), which was statistically signiﬁcant compared to
control. H2O2 production was partially suppressed in the eggs treated
with 0.1 mMPTIO, suggesting that H2O2 production is regulated by NO
increase. To examine whether the reduced production of H2O2 is dues in resoruﬁn using Amplex Red Hydrogen Peroxide/Peroxidase Assay kit described in
different conditions (A and B). In panel A, concentrations of reagent and horseradish
U/ml, respectively.
Table 3
Inhibition of hardening FE
Type of experiment (number) Inhibition of hardening FE, %
Control (3) 6.5±0.1⁎ Pb6×10−9
0.1 mM PTIO (3) 99.1±0.5
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injected into the egg in the presence of PTIO. Experiments were
carried out as rapidly as possible within a same batch of eggs to avoid
individual difference. The peak value of H2O2 after insemination of
control, PTIO, and NADPH injection in PTIO were 0.28±0.04 μM (9),
0.16±0.02 μM (6), and 0.21±0.03 μM (10), respectively (see Table 4).
Eggs injected with NADPH in the presence of PTIO were not
statistically signiﬁcant from those treated with only PTIO although
mean values of two groups were different. There was only signiﬁcant
difference between control and eggs exposed to only PTIO (Pb0.02,
see Table 4). However, there was also no signiﬁcant difference
between control and eggs injected with NADPH. Some eggs showed
the same or even higher value than that of control. This indicates that
reduced production of H2O2 may not be only due to reduced NAD(P)H
increase.We alsomeasured H2O2 production in eggs exposed to either
10 μM DPI or 2 mM CN−. DPI greatly reduced H2O2 production as
shown in Table 4. Although CN− also showed extreme reduction of
ﬂuorescence in a single egg, we could not determine relative
concentration in eggs exposed to CN− because CN− seriously inhibits
HRP as mentioned in the following section and causes very low and
unstable ﬂuorescence. The above-mentioned results suggest PTIO
inhibits mainly NADPH oxidase since DPI, known as an inhibitor of
NADPH oxidase, seriously inhibited H2O2 production. However, the
inhibition of H2O2 production by PTIO could be partly involved in
inhibiting H2O2 production from other source such as mitochondria
since both DPI and CN−, which are thought to affect mitochondria, also
inhibited the production.
Measurement of peroxidase activity
Peroxidase activity of eggs and HRP were measured with a
Molecular Probe protocol using Amplex Red and H2O2 and a
microplate reader. As shown in (Table 5), 0.1 mM PTIO seemed to
slightly reduce the peroxidase activity of eggs. This suggests NO also
affects peroxidase activity. We also checked the effects of DPI and CN−
on HRP activity. Ten μMDPI showed 6.5 as same as control, and had no
effect on HRP, whereas 2 mM CN− reduced the activity of HRP as has
been reported before (Foerder and Shapiro, 1977).
Inhibition of fertilization envelope hardening
NAD(P)H increase at fertilization leads FE hardening (Shapiro,
1991; Schomer Miller and Epel, 1999). We assessed the effect of the
presence or absence of NO increase on FE hardening by slightly
modifying the method according to previous investigators (Foerder
and Shapiro, 1977). Control eggs still had high FEs surrounding the
eggs after addition of DTT and then mixing with a vortex for 10 s,
whereas those in 0.1 mM PTIO showed no FE surrounding eggs after
the same treatment mentioned above (see insets in Figs. 9A and B).Fig. 9. Inhibition of hardening FE by eliminating NO rise. Panel A represents control eggs
treated with only DTT. Panel B represents eggs treated with 0.1 mM PTIO. Precise
procedure was described in Materials and methods. The black vertical line in the right
side of panel B is an artifact that is one of microscope ocular's grid lines.Average percentages of inhibition for 0.1 mM PTIO treatment and
control were 99.1±0.5% (3) and 6.5±0.1% (3), respectively (see
Table 3). These results demonstrate inhibiting NO increase restrains
FE hardening.
Discussion
Our initial intention in the study presented was to ascertain a role
of NO increase at fertilization in sea urchin eggs. We thought the
signiﬁcance of NO at fertilization in sea urchin was still insufﬁciently
understood because a role of NO increase was once reported as a
primary activator and later as a regulator of late stage of egg activation.
To look for a novel role of NO increase, we attempted to eliminate NO
increase using a NO scavenger, PTIO. Surprisingly, the result suggests a
novel signaling by NO increase that upregulates production of NAD(P)
H and strengthens FE hardening. There is a considerable literature
relating to the role of NO in regulating different protein kinases
(Ginnan et al., 2008) and ion channels (Feil and Kleppisch, 2008).
However there is no direct evidence that suggests a speciﬁc relevance
to FE hardening. A possible role of NO increase (indicated by the
numbered dotted arrows in Fig. 10) and a putative signaling pathway
to FE hardening are shown in Fig. 10. We propose following
fertilization there is an signiﬁcant increase on [Ca2+]i (Whitaker,
2006) which precedes and causes an increase in NO (see Fig. 1 in this
paper and Fig. 2 in (Leckie et al., 2003) via nitric oxide synthase (NOS)
including other source of NO for example, mitochondrial NOS
(mtNOS). Many reports about mtNOS and NO derived frommitochon-
dria have been published lately as a function of cell protection and
regulation (Lacza et al., 2006; Carreras and Poderoso, 2007). Leckie et
al. (2003) proposed NO increase plays a role in maintaining late Ca2+
rise (see the dotted arrow 1 in Fig. 10). The main increase in NAD(P)H
is caused by NAD kinase and the activation of the pentose phosphate
pathway (PPP) by [Ca2+]i rise (Schomer and Epel,1998; SchomerMiller
and Epel, 1999). Furthermore, increased NO also may regulate pentose
phosphate pathway (PPP) through the activation of glucose-6-
phosphate dehydrogenase (G6PD) indicated by arrow 2 in Fig. 10
(Bolanos et al., 2004; Almeida et al., 2005) and NADPH oxidase/Udx1
(Wong et al., 2004) that is also Ca2+ dependent. Main H2O2 production
is catalyzed by NADPH oxidase/Udx1. Besides main production of
H2O2, H2O2 from other source could be produced bymitochondria (see
a solid lined arrow in Fig. 10) (Lacza et al., 2006). We found a transient
increase in ﬂuorescence of Amplex Red upon application of mechan-
ical stress like microinjection of NADPH or vehicles (data not shown).
This phenomenon might be an evidence of other source of H2O2.
Since eliminating NO by PTIO inhibited H2O2 production in this
study (Table 4 and Fig. 8), NO may regulate NADPH oxidase. Co-
regulation or concerted activity of NOS and NADPH oxidase has
been reported lately (see dotted arrow 4 in Fig. 10) (Verchier et al.,
2007; Selvakumar et al., 2008). H2O2 is catalyzed by ovoperoxidase
or Udx1 to make cross links between FE proteins by di-tyrosine
bonds that makes a ﬁbrous net work in FE (Shapiro, 1991; Wong
and Wessel, 2008). Production of H2O2 from other source,
mitochondria or peroxisomes could be considered (Carreras and
Poderoso, 2007). NO also may regulate ovoperoxidase/Udx1 (see the
dotted arrow 5 in Fig. 10) because H2O2 production in the presence
of PTIO showed a slight reduction of peroxidase activity (Table 5). It
has been reported that NO donor activated peroxidase activity and
stimulated peroxidase secretion in rat submandibular gland (Mac-
carrone et al., 1997; Anesini and Ferraro, 2006).
Fig. 10. Putative pathway and possible NO's signaling to FE hardening. Possible roles for the NO increase are indicated by numbered dotted arrows. Proposed signaling directed by
these dotted arrows based on the following grounds. Arrow 1: a late Ca2+ rise proposed by Leckie et al. (2003). Arrow 2: reviews by Bolanos et al. (2004) and Almeida et al. (2005).
Arrow 3: microinjection of SNAP in this paper, this signaling may be same as arrow 2. Arrow 4: H2O2measurements in this paper and reports by Verchier et al. (2007) and Selvakumar
et al. (2008). Arrow 5: measurements of peroxidase activity in this paper and reports by Anesini and Ferraro (2006) and Maccarrone et al. (1997). Arrow 6: the regulation of H2O2
production in other source like mitochondria by the NO increase frommtNOS, reviewed by Carreras and Poderoso (2007). An increase of each messenger is shown by an upper arrow
after the name, e.g. [Ca2+]i ↑. NAD kinase: nicotinamide adenine dinucleotide kinase, PPP: pentose phosphate pathway, NOS: nitric oxide synthase, Udx1: sea urchin dual oxidase.
NOS, NAD kinase, NADPH oxidase, Udx1, and ovoperoxidase are known to be Ca2+ dependent.
Table 4
Production of H2O2 in a single egg
Peak value (μM)
Control 0.28±0.04 (9)
PTIO 0.16±0.02⁎ (6)
PTIO+ NADPH injection 0.21±0.03 (10)
DPI 0.04±0.01⁎⁎ (3)
Details of measurement was described in Materials and methods. ⁎ and ⁎⁎ Indicate
statistically signiﬁcant (Pb0.02 and Pb0.0001, respectively) compared to control.
NADPH at the ﬁnal concentration of 0.1–5 μM was injected into 10 eggs 10 min after
treatment of 0.1 mM PTIO. The number in parenthesis is the number of eggs examined.
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After a report by previous investigators (Kuo et al., 2000) came out,
the idea that NO could be a primary activator of fertilization in sea
urchin eggs intrigued us. We examined whether [Ca2+]i rise occur or
not when injecting SNAP (ﬁnal ∼100 μM) using eggs of Japanese
urchin, H. pulcherrimus and no [Ca2+]i increase was observed at any
concentration examined (data not shown). Leckie et al. (2003) made
simultaneous measurements of DAF-FM and fura-2 in ﬂuorescence
and demonstrated that occurrence of NO increase was around a peak
of [Ca2+]i, which occurs at a late period during fertilization, and
microinjection of BAPTA suppressed NO production. We also con-
ﬁrmed these results in H. pulcherrimus by microinjection of BAPTA.
Therefore we wondered whether NO increase might be accompanied
by any other ionic changes besides Ca2+ at fertilization.
To answer the question, we simultaneously measured DAF-FM and
the activation current (AC). At the moment of cortical ﬂash and time
followedby phase 1 andphase 2 of AC, no reproducible increase inDAF-
FM was detected and NO increase started just after tp, which indicates
peak [Ca2+]i. The results are consistent with those by previous
investigators (Leckie et al., 2003). As a role of NO increase, they
proposed that NO maintained the duration of the Ca2+ transient after
[Ca2+]i reached the peak because inhibition of cADPR and cGMP-
dependent protein kinase exhibited faster decrease from the peak to
the resting level of [Ca2+]i compared to control. However, in H.
pulcherrimus eggs, the ﬁrst rise of cGMP, followed by cADPR and InsP3
leads to increase in [Ca2+]i after activation (Kuroda et al., 2001). This
suggests the late Ca2+ increase (see a dotted arrow 1 in Fig. 10) may not
be a role of NO because the release of cGMP, cADPR, and InsP3 occurs
within 30 s after insemination (Kuroda et al., 2001). Our preliminary
measurements of [Ca2+]i showednodistinct pattern of decreasing [Ca2+]i
from thepeak to the resting level compared to controlwhenNO increase
was inhibited by 0.1 mM PTIO (data not shown). Instead we found
another possible role of NO to upregulate hardening of FE as discussed
below. Therefore, further study of changes in the late Ca2+ is required
when NO increase is inhibited or eliminated because we do not have
sufﬁcient data on changes in Ca2+.
Furthermore, we cannot exclude a very small increase in NO
around the site of sperm attachment that is below the detection limit
of NO increase leading to Ca2+ increase from the vast area of bright
ﬂuorescence due to the S/N ratio of NO-sensitive dye.
G protein-coupled receptor for histamine (suH1R) leading to NO
increase has been recently identiﬁed as an upstream pathway of NO
increase (Leguia and Wessel, 2006). The investigators claimed that
sperm-induced NO increase was suppressed by histamine antagonists
of H1 type histamine receptor, and NOS inhibitor, 6 mM L-NAME. This
may indicate that sperm-induced NO increase in H. pulcherrimus eggsis due to the histamine pathway leading to NO. However, NOS
inhibitors, NG-NNA, NG-MNLA, and L-NAME showed a very weak
inhibitory effect on sperm-induced NO increase in H. pulcherrimus
eggs (data not shown). By contrast 30mM L-NAME and 1mMNG-NNA
showed increase signal of DAF-FM higher than that of control and had
cytotoxic effect on eggs instead of inhibiting NO increase. This might
be another feasible explanation for NO increase. NO derived from
mitochondria or mtNOS could be responsible for the part of
insensitive to NOS inhibitor. It has been reported that neither genetic
disruption of neuronal NOS (nNOS), eNOS, or induced NOS (iNOS)
showed any effect on DAF ﬂuorescence in mitochondria and this
mitochondrial DAF ﬂuorescence did not reduce even by rather high
concentrations or prolonged application of NOS blockers, 1 mM L-
NAME or L-NMMA (Lacza et al., 2006). In fact we determined
colocalization of DAF-FM ﬂuorescence and ﬂuorescence of mitochon-
drial speciﬁc dye MitoTracker in H. pulcherrimus eggs in separate
experiments (data not shown). NO derived from mitochondria may
function as regulating signaling of cell integrated responses such as
H2O2 production and cell redox metabolism (see the dotted arrow 6 in
Fig. 10). Taken together with these results and speculation, a part of
NO increase at fertilization in sea urchin eggs may be due to NO
increase from mitochondria.
Effect of NO increase on O2 consumption
As a role of NO increase at fertilization, we ﬁrst hypothesized that
produced NO suppressed O2 consumption during respiratory burst to
protect eggs from toxic ROS generated as in other biological systems.
However, the rate of O2 consumption between controls and eggs
exposed to PTIO had statistically no signiﬁcant difference at 3 min
after insemination (Pb0.09). We were not be able to exclude NO
affects only O2 consumption during a few min of respiratory burst at
fertilization because the rate of O2 consumption appeared to be
distinct at least 3 min after insemination and P value was barely less
Table 5
Peroxidase activity
Control/egg
PTIO/egg
Arbitrary unit of Fluorescence
2.2±0.1 (3)
1.8±0.2⁎ (3)
HRP (50 μU/ml) in SW 6.5
HRP in 0.1 mM PTIO 5.4
HRP in 10 μM DPI 6.5
HRP in 2 mM CN− 3.5
⁎ Indicates statistically signiﬁcant (Pb0.05) compared to control. Ten to 15 eggs were
used for the experiment. The number inparenthesis indicates thenumber of experiments.
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other hand, total O2 consumption at 20 min after insemination in eggs
exposed to PTIO was signiﬁcantly (Pb0.003) inhibited compared to
that in controls (see the inset of Fig. 3). This result indicates total O2
consumption is suppressed by eliminating NO as is consistent with
reduction of NAD(P)H increase and H2O2 production as shown in Figs.
4, 8 and Table 4, respectively. These results may indicate NO has a role
in promoting O2 consumption in opposition to our original hypothesis.
This promoting O2 consumption by NO could be production of H2O2 in
mitochondria even after egg activation because H2O2 production is
likely controlled by NO in mitochondria (see the dotted arrow 6 in Fig.
10) (Carreras and Poderoso, 2007).
Inhibitory effects on NAD(P)H increase and H2O2 production by PTIO,
CN−, and DPI
The present study shows that NAD(P)H increase during fertiliza-
tion has 2 phases (see Figs. 4–7). The rate of increase in the ﬁrst phase
was signiﬁcantly affected and the second phase was suppressed by
PTIO, CN− and DPI. These data indicate that the NO by some uncovered
mechanism (dotted arrow 2 or 3 in the Fig. 10) enhances production of
NAD(P)H and upregulates the second phase of increase in NAD(P)H in
intact eggs. In addition, we conﬁrmed that NO increase was an
upstream signal of NAD(P)H by microinjecting SNAP into unfertilized
eggs (see Fig. 5 and a dotted arrow 3 in Fig. 10 ). By contrast
microinjection of NAD(P)H (ﬁnal intracellular concentration of 50 μM)
did not show any changes in DAF-FM signal (data not shown).
In sea urchin eggs, G6PD followed by pentose phosphate pathway
(PPP) is activated during fertilization (Schomer and Epel, 1998). In
astrocytes under hypoxic or ischemic situation, NO-mediated inhibi-
tion of respiration triggers upregulation of glucose utilization through
PPP (Bolanos et al., 2004; Almeida et al., 2005). The pathway leading to
NAD(P)H increase is quite analogous to that in sea urchin eggs.
Therefore, the additional increase in NAD(P)H may be responsible for
the late increase in Ca2+ by NO (see the arrow 1 in Fig. 10) reported by
Leckie et al. (2003) since the late increase in Ca2+ may reactivate the
PPP or NAD kinase. The present study showed PTIO inhibited H2O2
production (Table 4 and Fig. 8), suggesting that PTIO also inhibits
NADPH oxidase. NADPH injection did not only recover H2O2 produc-
tion reduced by PTIO (Table 4) but further H2O2 production probably
needs NO rise because our preliminary experiments of NO donor,
NOR-3 injection in the presence of PTIO showed higher H2O2
production than that of control. This implicates NO regulates NADPH
oxidase. PTIO itself could be considered to affect NADPH oxidase.
However, it is unlikely because we conﬁrmed PTIO had no effect on
either Ca2+ rise or intracellular pH since NADPH oxidase is Ca2+- and
pH-dependent
In the present study CN− reduced the NAD(P)H increase as has been
reported previously (Turner et al., 1986). Since CN− is also thought to
be an inhibitor of mitochondrial complex IV, reduced part of NAD(P)H
as shown in Fig. 6 may be due to inhibition of mtNOS and/or
mitochondrial respiration. This part seems to include a part
suppressed by PTIO as shown in Fig. 4A because it is much larger
than that by PTIO. Since two thirds of the oxidative burst has been
reported to be due to H2O2 production (Foerder et al., 1978), one third
could be due to H2O2 production in mitochondria. CN− seriously
reduced H2O2 production (Table 4). This main inhibition may be the
inhibition of peroxidase (Table 5) as mentioned in the next section.
However, elimination of NO by CN− also could be explained for
reduction of NAD(P)H increase and H2O2 production since NO has
been reported to have an antidotal effect on CN− (Leavesley et al.,
2008).
DPI is a known inhibitor of NADPH oxidase (Wang et al., 1993). The
present study showed DPI suppressed NAD(P)H increase and
extremely reduced H2O2 production as expected (Tables 2 and 4).
The main action of DPI may be the inhibition of NADPH oxidase.However, DPI may also inhibit the cell redoxmetabolism (Riganti et al.,
2004) leading to NO production since DPI almost suppressed NO
increase (see Fig. 2) although DPI is a known inhibitor of eNOS.
Therefore, the inhibition of H2O2 production by PTIO, CN, and DPI could
be partly due to the inhibition of H2O2 production from other source
like mitochondria (Carreras and Poderoso, 2007).
Suppression of peroxidase activity and inhibition of fertilization envelope
hardening by PTIO, DPI, CN−
The present study showed PTIO and CN− reduced the peroxidase
activity of eggs and HRP activity (Table 5). A decrease of the NAD(P)H
increase and inhibition of ovoperoxidase by CN− has been also
reported to induce inhibition of FE hardening (Foerder and Shapiro,
1977; Turner et al., 1985). Our results suggest NO increase also
regulates peroxidase activity as well as NADPH oxidase as above
mentioned. On the other hand, DPI did not inhibit peroxidase activity
of eggs or HRP (see Table 5). DPI has also been reported to inhibit FE
hardening (Wong et al., 2004). Thus, the inhibition of hardening FE by
DPI could be due to extreme reduction of H2O2 production by
inhibiting NADPH oxidase. Since DPI and CN− suppressed NO increase
as well as PTIO did, it is conceivable NO regulates FE hardening by
regulating NADPH oxidase, ovoperoxidase, and possibly NAD(P)H
production through a late Ca2+ rise or other unknown pathway (see
Fig. 10).
H2O2 production is required for FE hardening by ovoperoxidase
(Heinecke and Shapiro, 1992). Therefore reduction of H2O2 production
by PTIO suggests NO increase is responsible for consolidating FE
formation. Other evidence of reduction of FE hardening by PTIO is that
fertilized eggs treated with 0.1 mM PTIO exhibited very high and thin
FE after 1 h that have more perivitelline space than control as same as
eggs treated with 10 μM DPI and 2 mM CN− showed always high and
thin FE (data not shown). In sea urchin eggs, NADPH oxidase (Nox)
responsible for FE hardening has been reported and named as Udx1
(Wong et al., 2004). The present study showed NO increase
upregulated generation of H2O2. The sea urchin genome project has
revealed that sea urchin, S. purpuratus has three Nox and one dual
oxidase (Duox) that is reported as Udx1 (Kawahara et al., 2007). This
Udx1 could be the responsible enzyme for hardening FE. However, it
might be involved in other Nox regulated by NO signaling. Therefore,
no matter what Nox or Udx1 is involved in NO signaling, the
underlying mechanism is expected to be elucidated.
Conclusion
The present ﬁnding provides new insights into the cascade of FE
hardening during fertilization. NO increase is induced by [Ca2+]i
increase that normally activates NADPH oxidase responsible for
producing H2O2 and also upregulates PPP, NADPH oxidase, and
ovoperoxidase which are leading to NAD(P)H increase, H2O2 produc-
tion, and FE hardening. This up-regulating signaling causesmore H2O2
production and results in FE hardening. Therefore NO increase plays a
signiﬁcant role in consolidating FE hardening to protect embryo from
severe environment in early development.
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